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CROSS-REFERENCE TO RELATED APPLICATIONS 

This application is a divisional of U.S. Application No. 09/626,022, filed July 27, 
2000, titled Solid State Electrochemical Device Electrode Additives, which claims 
priority from U.S. Provisional Application No. 60/146,767, filed July 31, 1999, titled 
io Surface Additives for Enhanced Electrode Performance, the disclosures of which are 
herein incorporated by reference for all purposes. 

BACKGROUND OF THE INVENTION 

This invention was made with government support in the course of or under prime 
contract No. DE-ACO3-76SF00098 between the U.S. Department of Energy and the 
15 University of California. The government has certain rights in this invention. 

The present invention relates generally to the field of electrochemical devices, and 
more particularly solid state electrochemical devices composed of one or more electrodes in 
contact with a solid state electrolyte and/or membrane. 

Solid state electrochemical - devices are often implemented as cells including two 
20 electrodes, the anode and the cathode, and a dense solid electrolyte/membrane which 
separates the electrodes. In many implementations, such as in fuel cells and oxygen and syn 
gas generators, the solid membrane is an electrolyte composed of a material capable of 
conducting ionic species, such as oxygen ions, sodium ions, or hydrogen ions, yet has a low 
electronic conductivity. In other implementations, such as gas separation devices, the solid 
25 membrane is composed of a mixed ionic electronic conducting material ("MIEC"). In each 
case, the electrolyte/membrane must be gas-tight to the electrochemical reactants. In all of 
these devices a lower total internal resistance of the cell results in improved performance. 

The preparation of solid state electrochemical cells is well known. For example, a 
typical solid oxide fuel cell is composed of a dense electrolyte membrane of a ceramic oxygen 
30 ion conductor, a porous anode layer of a ceramic, a metal or, most commonly, a ceramic- 
metal composite ("cermet"), in contact with the electrolyte membrane on the fuel side of the 
cell, and a porous cathode layer of an ionically/electronically-conductive metal oxide on the 
oxidant side of the cell. Electricity is generated through the electrochemical reaction between 
a fuel (typically hydrogen produced from reformed methane) and an oxidant (typically air). 
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This net electrochemical reaction involves mass transfer and charge transfer steps that occur 
at the interface between the ionically-conductive electrolyte membrane, the electronically- 
conductive electrode and the vapor phase (fuel or oxygen). The contribution of these charge 
transfer steps, in particular the charge transfer occurring at the oxygen electrode, to the total 
internal resistance of a solid oxide fuel cell device can be significant. 

Electrode structures including a porous layer of electrolyte particles on a dense 
electrolyte membrane with electrocatalyst material on and within the porous layer of 
electrolyte are known. As shown in Fig. 1, such electrodes are generally prepared by applying 
an electrocatalyst precursor-containing electrode material 102 (such as a metal oxide powder 
having high catalytic activity and high reactivity with the electrolyte) as a slurry to a porous 
(pre-fired; unsintered; also referred to as "green") electrolyte structure 104, and then co-firing 
the electrode and electrolyte materials to densify the electrolyte and form a composite 
electro lyte/electrode/electrocatalyst 1 06. 

Oxides containing transition metals such as Co, Fe, Mn, are known to be useful as 
oxygen electrodes in electrochemical devices such as fuel cells, sensors, and oxygen 
separation devices. However, if such compounds were to be used with typical zirconia-based 
electrolytes, such as YSZ, a deleterious reaction in the temperature range of 1000-1400°C 
typically needed to densify zirconia would be expected. The product of this reaction would 
be a resistive film 105 at the electrode/electrolyte interface, thereby increasing the cell's 
internal resistance. 

Similar problems may be encountered with sintering highly catalytic electrode 
materials on densified (fired) zirconia-base electrolytes since the sintering temperatures of 
about 1200 °C to 1400 °C are sufficient to cause the formation of a deleterious resistive film 
at the electrode/electrolyte interface. 

In order to avoid deleterious chemical reactions, attempts have been made to use 
barrier layers, such as ceria, or to use chemically compatible electrolytes, such as ceria with 
such transition metal oxides. Also, it has been proposed to add an electrocatalytic precursor 
to a fired electrode/electrolyte composite, but only for a specific type of electrode material. 
Specifically, prior researchers have sought to fabricate electrodes with interpenetrating 
networks of ionically conductive and electronically conductive materials with subsequent 
infiltration of a catalytic electrode. However, this can hinder the performance of ionic 
devices, particularly at high current densities where ohmic drop due to current collection can 
lead to substantial efficiency losses. 
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It would be desirable to have improved techniques for fabricating high performance 
solid state electrochemical device oxygen electrodes composed of highly conductive 
materials. 
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SUMMARY OF THE INVENTION 



The present invention addresses this need by providing an electrode fabricated from 
highly electronically conductive materials such as metals, metal alloys, or electronically 
conductive ceramics. In this way, the electronic conductivity of the electrode substrate is 
5 maximized. The electrode is combined with an electrolyte to form an electrode/electrolyte 
structure. The electrode/electrolyte structure of the invention may be prepared by a plurality 
of methods. An unsintered (possibly bisque fired) moderately catalytic electronically- 
conductive or homogeneous mixed ionic electronic conductive electrode material may be 
deposited on a layer composed of a- sintered or unsintered ionically-conductive electrolyte 

10 material prior to being sintered. In one embodiment, a layer of particulate electrode material 
is deposited on an unsintered ("green") layer of electrolyte material and the electrode and 
electrolyte layers are sintered simultaneously, sometimes referred to as "co-firing," under 
conditions suitable to fully densify the electrolyte while the electrode retains porosity. In 
another embodiment, the layer of particulate electrode material is deposited on a previously 

15 sintered layer of electrolyte, and then sintered. Subsequently, a catalytic material is added to 
the electrode structure by infiltration of an electrolcatalyst precursor (e.g., a metal salt such as 
a transition metal nitrate). This may be followed by low temperature firing to convert the 
precursor to catalyst. The invention allows for an electrode with high electronic conductivity 
and sufficient catalytic activity to achieve high power density in an ionic (electrochemical) 

20 device such as fuel cells and electrolytic gas separation systems. 

In one aspect, the present invention provides a method of preparing a layered 
composite electrode/electrolyte structure. The method involves contacting a mixture of 
particles of an electronically-conductive or a homogeneous mixed ionically electronically- 
conductive (MIEC) electrode material with a layer of an ionically-conductive electrolyte 
25 material to form an assembly having a layer of the mixture on at least one side of the layer of 
the electrolyte material. The assembly is sintered to form a porous electrode in contact with a 
gas-tight electrolyte membrane. The sintered assembly is then infiltrated with a solution or 
dispersion of a transition metal nitrate-containing electrocatalyst precursor. 

In another aspect, the invention provides a method of preparing a layered composite 
30 electrode/electrolyte structure. The method involves contacting a mixture of particles of a 
metal alloy selected from the group consisting of a chromium-containing ferritic steel, a 
chrome-based alloy and a chrome-containing nickel-based alloy with a layer of an ionically- 
conductive electrolyte material to form an assembly having a layer of the mixture on at least 
one side of the layer of the electrolyte material. The assembly is sintered to form a porous 
35 electrode in contact with a gas-tight electrolyte membrane. The sintered assembly is then 
infiltrated with a solution or dispersion of an electrocatalyst precursor. 
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These and other features and advantages of the present invention will be presented in 
more detail in the following specification of the invention and the accompanying figures 
which illustrate by way of example the principles of the invention. 
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BRIEF DESCRIPTION OF THE DRAWINGS 



The present invention will be readily understood by the following detailed description 
in conjunction with the accompanying drawing: 

Fig. 1 depicts an undesirable method of forming an electrode/electrolyte composite for 
a solid sate electrochemical cell. 

Fig. 2 depicts stages in a method of forming an electrode/electrolyte composite for a 
solid state electrochemical cell in accordance with one embodiment the present invention. 

Fig. 3 shows plots of the impedance spectra for an electrode with and without 
additives in accordance with one embodiment of the present invention. 
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DETAILED DESCRIPTION OF THE INVENTION 



Reference will now be made in detail to some specific embodiments of the invention 
including the best modes contemplated by the inventors for carrying out the invention. 
Examples of these specific embodiments are illustrated in the accompanying drawings. 
5 While the invention is described in conjunction with these specific embodiments, it will be 
understood that it is not intended to limit the invention to the described embodiments. On the 
contrary, it is intended to cover alternatives, modifications, and equivalents as may be 
included within the spirit and scope of the invention as defined by the appended claims. In 
the following description, numerous specific details are set forth in order to provide a 
10 thorough understanding of the present invention. The present invention may be practiced 
without some or all of these specific details. In other instances, well known process 
operations have not been described in detail in order not to unnecessarily obscure the present 
invention. 

In general, the present invention provides a technique for the addition of highly 
15 reactive elements known to be of value for enhancing catalytic properties of the oxygen 
electrode to the surface where they are needed, without chemical reactions that occur during 
firing on of these electrode materials. In this way, moderate performance cathodes that are 
known to be more chemically stable at the firing temperatures can be used for the electrode's 
microstructure formation. Then high performance additives can be incorporated into the 
20 electrodes without significantly altering the microstructure or creating performance limiting 
reaction layers. 

In this specification and the appended claims, the singular forms "a," "an," and "the" 
include plural reference unless the context clearly dictates otherwise. Unless defined 
otherwise, all technical and scientific terms used herein have the same meaning as commonly 
25 understood to one of ordinary skill in the art to which this invention belongs. 

For the purposes of this application, an oxygen (or air) electrode refers to the electrode 
at which oxygen is either reduced, or oxygen anions are oxidized, depending on the function 
of the cell. Examples of oxygen electrodes are the cathode portion of a solid oxide fuel cell 
or the anode portion of an electrolytic cell, such as may be used for oxygen generation. The 
30 oxygen electrode portion of the electrode/electrolyte structure of this invention comprises a 
porous, electronically-conductive material, or a (homogeneous) mixed ionic electronic 
conductor ceramic material having an electrocatalyst dispersed within its pores. 

Fig. 2 show stages in a method of forming an electrode/electrolyte composite for a 
solid state electrochemical cell in accordance with one embodiment the present invention. 
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Referring to Fig. 2(A), a particulate electrode material 202 is applied as a slurry to a porous 
green (pre-fired; unsintered) electrolyte structure 204 to form an assembly 206. 

The electrode/electrolyte structure of the invention may be prepared by any suitable 
method. For example, an unsintered (possibly bisque fired) moderately catalytic 
5 electronically-conductive or homogeneous mixed ionic electronic conductive electrode 
material may be deposited on a layer composed of a sintered or unsintered ionically- 
conductive electrolyte material prior to being sintered. In one embodiment, a layer of 
particulate electrode material is deposited on an unsintered layer of electrolyte material and 
the electrode and electrolyte layers are sintered simultaneously, sometimes referred to as "co- 
10 firing." In another embodiment, the layer of particulate electrode material is deposited on a 
previously sintered layer of electrolyte, and then sintered. 

The particulate electrode material may be applied to the electrolyte layer (generally 
composed of particles of an electrolyte material), by any suitable means such as, for example, 
aerosol spray, dip coating, painting or silk-screening, electrophoretic deposition, vapor 
15 deposition, vacuum infiltration, and tape casting. 

In general, suitable electrode materials in accordance with the present invention as 
have an electronic conductivity of at least about 10" 1 Siemens/cm (S/cm) at the operating 
temperature of the electrochemical device with which the electrode is to be incorporated. 
Preferably, the conductivity of the material is at least about 100 S/cm, more preferably at least 
20 about 1000 S/cm The electrode material should also be compatible with the electrolyte layer; 
that is, it should not cause any deleterious reaction with the electrolyte at the processing 
temperatures to form a new phase with insufficient conductivity or electrocatalytic properties 
for use in a practical electrochemical device. 

Exemplary electronically-conductive materials include metals, such as the transition 
25 metals Cr, Fe, Cu, Ag, and metal alloys thereof. Such metal electrode materials are suitable 
for use in oxygen or hydrogen electrodes for solid state electrochemical devices that are 
operated at relatively low temperatures, for example, about 400 to 800°C. 

Other suitable electrode materials include mixed ionic electronic conductor ceramic 
materials, such as Lai- x Sr x Mn y 0 3 .s (1>X>0.05) (0.95<y<1.15) ("LSM"), La Nx Sr x Co0 3 . 5 
30 (1>X>0.10) ("LSC"), SrCo,. x Fe x 0 3 -5 (0.30>X>0.20), La<,6Sro.4Coo.6Feo.403-5, Sr 0 . 7 Ce 0 .3MnO 3 , 
5 , LaNio.6Feo.4O3, and Smo.5Sr 0 . 5 Co0 3 . Preferred LSM materials include Lao. 8 Sro. 2 Mn0 3 -5, 
Lao.65Sr 0 . 3 5Mn03-s and Lao.45Sr 0 .55Mn0 3 .$. These materials form a homogeneous electrode 
having both ionic and electronic conductivity. 
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Low-chromium ferritic steels, such as type 405 and 409 (11-15% Cr), intermediate- 
chromium ferritic steels, such as type 430 and 434, (16-18% Cr), or high-chromium ferritic 
steels, such as type 442, 446 and E-Brite (19-30% Cr), chrome based alloys such as Cr5FelY, 
and chrome-containing nickel-based Inconel alloys including Inconel 600 may also be used. 

5 Suitable electrolyte/membrane materials for use in solid state electrochemical devices 

are well known in the art. In general, they are ionically-conductive solid membranes having 
an ionic conductivity of at least about 10" 3 S/cm at the operating temperature of the device 
and sufficiently low electronic conductivity for use as the electrolyte membrane which 
separates the anode from the cathode in a solid state electrochemical device. Doped zirconias 
10 such as yttria-stabilized zirconia ("YSZ") and scandium-doped zirconia are very commonly 
used. Preferably, the electrolyte/membrane material is YSZ. 

In the case of an electrolytic oxygen separation device, where oxygen is driven across 
the membrane by applying a potential difference and supplying energy, the membrane may be 
chosen from electrolytes well known in the art including yttria stabilized zirconia (e.g., 
15 (Zr0 2 )o.92(Y20 3 )o.o8) 5 scandia stabilized zirconia (SSZ), doped ceria such as 
(Ce02)o.8(Gd 2 03)o.2 (CGO), doped lanthanum gallate such as Lao.8Sro.2Gao.85Mgo.15O2.825 
(LSGM20-15) and doped bismuth oxide such as (Bi 2 03)o.75(Y 2 03)o.25. 

In the case of a gas separation device, where partial pressures, rather than applied 
potential, are used to move ions across the membrane, the membrane may be a mixed ionic 
20 electronic conductor (MIEC), such as LaLxSrxCoC^ (1>X>0.10) ("LSC"), SrCoi- x Fe x 0 3 _ 5 
(0.30>X>0.20), Lao.6Sro.4Coo.6Feo.40 3 -5, Sro. 7 Ceo.3Mn0 3 -s, LaNio.6Feo.4O3, and Sm 0 .5Sro.5Co0 3 . 

Such electrolyte/membranes are well know to those of skill in the art and may be 
prepared by any suitable method, such as by depositing a slurry of an ionically-conductive 
electrolyte material directly onto one of the electrodes, or by preparing a cast tape of an 
25 ionically-conductive electrolyte material, which is laminated to a cast tape of electrode 
material. 

The assembly 206 is then fired at a temperature and under conditions suitable to sinter 
the electrode material, densify the electrolyte (where necessary), and bond the two to form a 
composite electrolyte/electrode 208, as shown in Fig. 2(B). The sintering conditions should 
30 be selected so that they are sufficient to fuse the majority of the electrode particles. If the 
electrolyte is green, the sintering conditions should be selected to densify the electrolyte 
material sufficiently to form a gas-tight electrolyte membrane. Suitable sintering conditions 
for given materials may be readily determined experimentally by those of skill in the art. 
When sintered, the electrode material forms a porous layer. 
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As shown in Fig. 2(C), an electrocatalytic precursor is then is incorporated into the 
porous sintered electrode 210. The electrocatalytic precursor is added by any suitable 
technique, such as by infiltrating the network with a solution or dispersion of an 
electrocatalyst precursor and heating the infiltrated network under conditions sufficient to 
5 form the corresponding electrocatalyst. The electrocatalyst should have sufficient catalytic 
activity for the electrochemical reaction(s) occurring at the electrode for its use in a practical 
device. This material must also be compatible with the electrolyte layer at the operating 
temperature of the device. 

Suitable electrocatalytic precursors in accordance with the present invention include 
10 aqueous or non-aqueous solutions of metal salts, such as nitrates, acetates and citrates. For 
example, this can be accomplished by using nitrate salts of a transition or rare earth metal or 
combination of transition and/or rare earth metal salts desired for catalytic activity, such as 
Co nitrate, Fe nitrate, Mn nitrate or, for a hydrogen electrode, Ni nitrate. The porous 
electrode structure may be infiltrated by any suitable means such as by aerosol spray, dip 
15 coating, painting or silk-screening, or vacuum infiltration of the electrocatalyst material into 
the porous structure. A stack of cells may also be assembled prior to being infiltrated and 
infiltrated simultaneously. 

Following addition of the electrocatalytic precursor, the composite 
electrode/electrolyte 212 is heated to operating temperature for the electrochemical device of 

20 which it is a part, generally about 600 to 900°C, as shown in Fig. 2(D). In this way a highly 
catalytic electrode in a composite electrode/electrolyte structure may be produced without 
deleterious reactions between the electrocatalytic precursors and the zirconia of the electrolyte 
at the electrode/electrolyte bonding production stage. Thus, in one example, an LSM/YSZ 
structure can be fired at reasonably high temperatures (1350°C) to yield a moderate 

25 performance electrode, and by adding cobalt nitrate by infiltration to this electrode the 
performance is boosted to what might be expected for cobalt based electrode. 

The porosity of the composite electrode structure containing the electrocatalyst is 
preferably at least about 10 percent, more preferably at least about 20 percent, and generally 
about 30%. The thickness of the sintered electrolyte membrane is preferably between about 5 
30 and 40 microns, more preferably no greater than about 20 microns. The thickness of the 
sintered composite electrode is preferably between about 5 and 5000 microns, more 
preferably no greater than about 2000 microns (a thicker electrode is used where the electrode 
also provides the mechanical support for an electrochemical device). 

Infiltration of a fired electrode with a electrocatalytic precursor solution (e.g., a metal 
35 nitrate solution) not only solves the problem of reactivity of the catalytic material with the 
electrolyte, but also addresses the problem of thermal mismatch. If, for example, a highly 
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catalytic electrode material had a very poor match of the coefficient of thermal expansion 
with the electrolyte, thermal cycling would typically lead to spallation of the electrode from 
the electrolyte surface. In the case of the present invention, an electrode material that has a 
thermal expansion coefficient close to that of the electrolyte may be used. The electrode is 
5 therefore well bonded to the electrolyte. In a subsequent step, an electrocatalytic precursor 
for a highly catalytic material, such as such as a metal oxide, is infiltrated into the bonded 
electrode thereby improving the electrode performance. 

Importantly, this process represents a simple low-cost means of improving electrode 
performance by allowing the fabrication of a high strength, high conductivity electrode from 
10 materials of moderate catalytic activity and then adding that activity in a subsequent step. 
Furthermore, in the case of expensive catalytic materials, a low cost material can be used to 
develop the electrode microstructure followed by a small amount of catalytic material 
introduced by the metal salt technique described herein. 

Example 

15 The following example illustrates aspects and features of a specific implementation in 

accordance with the present invention. It should be understood the following is 
representative only, and that the invention is not limited by the detail set forth in this 
example. 

A 1cm x lcm Pt electrode (previously fired to 950°C to bond Pt to electrolyte) was 
tested on YSZ electrolyte at 900°C. LSM-YSZ was used as the counter electrode. Then a 
mixture of Co, Sr, Ce, and Ni nitrates dissolved in distilled water were applied to the Pt 
electrode and allowed to dry under a heat lamp. The sample was again placed in a furnace 
and heated. Impedance spectra was taken at 900°C. Fig. 3 shows plots of the impedance 
spectra for the Pt electrode without additives (large arc) and Pt electrode with surface 
additives (small arc). The example shows the effect of a bare porous metal electrode, 
Platinum, with and without the addition of metal nitrate salts. The reduction in the size of the 
impedance arc for the electrode with the additives shows improvement in performance by 
lowering cell impedance. 

Conclusion 

Although the foregoing invention has been described in some detail for purposes of 
clarity of understanding, those skilled in the art will appreciate that various adaptations and 
modifications of the just-described preferred embodiments can be configured without 
departing from the scope and spirit of the invention. Moreover, the described processing 
distribution and classification engine features of the present invention may be implemented 
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together or independently. Therefore, the described embodiments should be taken as 
illustrative and not restrictive, and the invention should not be limited to the details given 
herein but should be defined by the following claims and their full scope of equivalents. 

What is claimed is: 

5 
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